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http:WHAT THIS PAPER ADDS
Gut ischemia reperfusion is thought to trigger the multi-organ failure that is associated with aortic and
mesenteric vascular surgery. Each organ (gut, liver, and lung) was found to have a speciﬁc cytokine expression
proﬁle, suggesting that the inﬂammatory response is compartmentalized. Therapies focusing on remote organs
that are speciﬁcally involved in the inﬂammatory response, for example lung protective ventilation strategies,
might limit the deleterious effects of the inﬂammatory cascade.Objective/background: Gut ischemia reperfusion (IR) is thought to trigger systemic inﬂammation, multiple organ
failure, and death. The aim of this study was to investigate inﬂammatory responses in blood and in two target
organs after gut IR.
Methods: This was a controlled animal study. Adult male Wistar rats were randomized into two groups of eight
rats: control group and gut IR group (60 minutes of superior mesenteric artery occlusion followed by 60 minutes
of reperfusion). Lactate and four cytokines (tumor necrosis factor-a, interleukin [IL]-1b, IL-6, and IL-10) were
measured in mesenteric and systemic blood. The relative gene expression of these cytokines was determined by
real time polymerase chain reaction in the gut, liver, and lung.
Results: Gut IR signiﬁcantly increased lactate levels in mesenteric (0.9  0.4 vs. 3.7  1.8 mmol/L; p < .001) and
in systemic blood (1.3  0.2 vs. 4.0  0.3 mmol/L; p < .001). Gut IR also increased the levels of four cytokines in
mesenteric and systemic blood. IL-6 and IL-10 were the main circulating cytokines; there were no signiﬁcant
differences between mesenteric and systemic cytokine levels. IL-10 was upregulated mainly in the lung,
suggesting that this organ could play a major role during gut reperfusion.
Conclusion: The predominance of IL-10 over other cytokines in plasma and the dissimilar organ responses,
especially of the lung, might be a basis for the design of therapies, for example lung protective ventilation
strategies, to limit the deleterious effects of the inﬂammatory cascade. A multi-organ protective approach might
involve gut directed therapies, protective ventilation, hemodynamic optimization, and hydric balance.
 2014 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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Acute mesenteric ischemia is of major concern following
impairment of the mesenteric circulation. It is associated
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Gut reperfusion leads to the production of numerous me-
diators, such as lactate, cytokines, reactive oxygen metab-
olites, pro-inﬂammatory cytokines, and nitric monoxide,
and also activates many enzymes.4 Interactions between
polymorphonuclear neutrophils and endothelial cells
appear to play a key role in inducing damage in distant
organs (the “gut origin of inﬂammation” hypothesis).5,6 This
secondary, inﬂammatory and distant organ injury is the
leading cause of death in critically ill patients.7e9 However,
data on the site and kinetics of cytokine production and on
the balance between pro- and anti-inﬂammatory responses
are scarce.10 Washout of toxic substances from the gut
during reperfusion might explain multi-organ failure, and
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generating organ after ischemia reperfusion (IR). The gut
may also be inﬂuenced by inﬂammation and be a target of
stress caused by severe insults such as sepsis, trauma,
shock, and infection. The mechanism of the initiation,
propagation and effects of inﬂammation on remote organs
after gut IR has still not been fully elucidated.
Elucidating the relationship between gut IR, inﬂamma-
tory response, and organ failure could have practical im-
plications and help deﬁne new therapeutic strategies. Gut
directed therapies such as early enteral feeding and, to a
lesser extent, gut decontamination or probiotic therapies
may help limit the systemic impact of gut IR.11 However, a
better understanding of the physiopathology of the in-
ﬂammatory response after gut IR is needed in order to be
able to devise novel multi-organ protective therapies.
The aim of this study was to determine systemic, mesen-
teric, and organ inﬂammatory response in an animal model
of gut IR.MATERIALS AND METHODS
Ethical statement
Procedures were conducted in accordance with interna-
tional guidelines for the care and use of laboratory ani-
mals.12 The study was approved by the animal care
committee of the University of Strasbourg, Strasbourg,
France (CREMEAS authorization no. AL/03/11/06/09).Animals
Adult male Wistar rats weighing between 330 and 380 g
(Depré, Saint Doulchard, France) were used. They were
housed under climate controlled conditions (22  2 C) on a
12:12 hour photoperiod, and were provided food and water
ad libitum.Experimental procedure
Sixteen rats were randomized into two groups of eight
(control group, gut IR group) using sealed envelopes.
Anesthesia was induced by an intraperitoneal (IP) injection
of 20 mg/100 g of ketamine (Imalgène 1000, Merial, France)
and maintained by IP injection of 3 mg/100 g of ketamine
every 30 minutes under spontaneous ventilation. The rats
were placed in a supine position on heating pads to main-
tain body temperature at 37 C (rectal temperature probe).
After midline abdominal incision, the superior mesenteric
artery was isolated at its origin and occluded with an
atraumatic clamp for 60 minutes followed by reperfusion
for 60 minutes, as previously described.13,14 Gut ischemia
was conﬁrmed by a complete stop of pulsation to the
mesenteric arcade and by intestinal color change, and gut
reperfusion was conﬁrmed by the reappearance of pulsa-
tion and color. Control animals underwent sham surgery
without superior mesenteric artery occlusion. Anesthetized
animals were euthanized by exsanguination.Blood and tissue sampling
All study parameters were determined at the end of reper-
fusion (gut IR group) or an equivalent lapse of time (control
group). Mesenteric and systemic blood (2 mL) were sampled
simultaneously from the superior mesenteric vein and the
abdominal aorta, respectively. Immediately after blood with-
drawal, fragments of the last ileal loop (2 cm wide  7 g),
segmentVI of the liver ( 1.7 g) and the lower lobe of the right
lung ( 1.2 g) were harvested and separately frozen at80 C
for subsequent determination of cytokine gene expression.Blood lactate
Lactate was considered as a quantitative marker of hypoxia
and a lactate level <2 mmol/L was considered as normal.
Lactate was measured by a micromethod on a Lactate Pro
device (LT1710; Arkray, KGK, Japan).Determination of plasma cytokine levels
Plasma tumor necrosis factor (TNF)-a, interleukin (IL)-1b, IL-
6, and IL-10 levels were used as markers of inﬂammatory
response to the IR insult. TNF-a and IL-1b are considered to
be pro-inﬂammatory cytokines, and IL-10 is considered to
be an anti-inﬂammatory cytokine. IL-6 may be a pro- or
anti-inﬂammatory cytokine. The TNF-a/IL-10 and the IL-1b/
IL-10 ratios were used to measure the balance between
pro- and anti-inﬂammatory cytokines.15
Serum obtained by centrifugation (3500 g for 15 minutes)
was stored at80 C for later measurement of cytokine levels
using Luminex technology (Austin, TX, USA) and kits from Mil-
lipore (Milliplex Map Immunoassay, Molsheim, France) ac-
cording to the manufacturers’ instructions. Brieﬂy, a standard
curve for each of the target proteins was prepared by serial
dilution in assay buffer. Serum samples were diluted 1:4.
Standards and samples were incubated in a 96-well ﬁlter-
bottom plate with target-speciﬁc microbeads for 2 hours at
room temperature with shaking. Following the incubation,
microbeads were washed three times using the wash buffer
provided in the kit and a vacuum manifold. Biotinylated anti-
bodies were added and incubated for 1 hour, and detected
using a streptavidinephycoerythrin conjugate. Following
extensive washing, samples were analyzed on a Luminex plate
reader. All samples were analyzed in duplicate and the con-
centrations calculated by comparison to the appropriate stan-
dard curve.Relative cytokine gene expression in gut, liver, and lung
Total RNA was isolated from each tissue using RNeasy col-
umns (Qiagen, Valencia, CA, USA) according to manufac-
turer’s instructions. The complementary DNA (cDNA)
synthesis reaction was performed with 1 mg of total mRNA
and 100 U of SuperScript II reverse transcriptase (InVi-
troGen, Paris, France) with random hexamers in a ﬁnal
volume of 20 mL, according to the manufacturer’s in-
structions. The quality of the total RNA was assessed by the
intensity of 28S and 18S bands after denaturing agarose
electrophoresis. The RNA concentration was determined by
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62 O. Collange et al.ultraviolet spectrophotometry. One round of cDNA synthe-
sis was performed in a thermal cycler (65 C for 5 minutes
before adding reverse transcriptase mix, 42 C for 50 mi-
nutes and 65 C for 5 minutes). Real time polymerase chain
reaction (RT-PCR) was performed according to the manu-
facturer’s instructions (Qiagen, Courtaboeuf, France).
QuantiTect Primers (Qiagen) were used to assay TNF-a, IL-
1b, IL-6, and IL-10. Relative gene expression was quantiﬁed
using the 2-DDCT method and glyceraldehyde 3-phosphate
dehydrogenase as gene reporter.16
Statistical methods
Results were expressed as means  SD. Variable values for
the gut IR and control groups, as measured on systemic and
mesenteric blood, were compared using repeated measures
analysis of variance (ANOVA) with one between-subjects
factor and one within-subjects factor. Lung, liver, and gut
RT-PCR values were compared using repeated measures
ANOVA with one within-subjects factor after logarithmic
transformation of the data (data initially on a multiplicative
scale). Post hoc tests of mean lung, liver, and gut values
were performed using the Bonferroni correction.
p-Values < .05 were considered statistically signiﬁcant.
Statistical analysis was performed using GraphPad Prism
version 5.03 for Windows (GraphPad Software, San Diego,
CA, USA) and SPSS 12.0 forWindows (IBM, Armonk, NY, USA).
RESULTS
Lactate levels
Lactate levels in the gut IR group were signiﬁcantly higher
than those in the control group, whether in mesenteric or
systemic blood (Table 1). Mesenteric and systemic lactate
levels did not differ signiﬁcantly within the control or within
the gut IR group.
Plasma cytokine levels and pro-/anti-inﬂammatory
balance
The levels of all four cytokines were signiﬁcantly higher in
the gut IR group than in the control group, whether inTable 1. Lactate and cytokine levels in mesenteric and systemic
blood.
Origin Controls After gut IR p
Lactate (mmol/L) Mesenteric 0.9  0.4 3.7  1.8 <.01
Systemic 1.3  0.4 4.0  1.0 <.01
TNF-a (ng/L) Mesenteric 8  13 32  18 .01
Systemic 10  10 27  17 .04
IL-1b (ng/L) Mesenteric 11  4 19  7 .01
Systemic 11  7 36  28 .02
IL-6 (ng/L) Mesenteric 201  189 759  613 <.01
Systemic 171  200 395  176 .03
IL-10 (ng/L) Mesenteric 540  856 3519  1837 <.01
Systemic 597  999 3115  1782 <.01
IL-1b/IL-10 Mesenteric 0.09  0.04 0.006  0.001 .05
Systemic 0.26  0.15 0.018  0.008 .09
Note. Values are expressed as means  SD for absolute values and
as means  SEM for ratios. IR ¼ ischemia reperfusion;
TNF ¼ tumor necrosis factor; IL ¼ interleukin.systemic or mesenteric blood (Table 1). There was no sig-
niﬁcant difference between mesenteric and systemic cyto-
kine levels within each group.
Calculation of the TNF-a/IL-10 ratio was not always
possible because of zero TNF-a values in both groups.When
calculation was possible, the ratio indicated that IL-10 al-
ways predominated over TNF-a whether in mesenteric or
systemic blood, and whether in the control or gut IR group.
IL-10 also predominated over IL-1b in both mesenteric and
systemic blood in both groups (Table 1). IL-10 predominated
more markedly over IL-1bin the gut IR group than in the
control group (Table 1).Relative gene expression of cytokines in gut, liver, and lung
After gut IR, cytokine mRNA (all four cytokines) increased in
almost all organs. IL-10 expression tended to decrease in
the liver (0.13  0.18, arbitrary unit of relative gene
expression). Upregulation differed signiﬁcantly between the
gut, liver, and lung (p < .01) (Fig. 1). TNF-a was upregulated
to a lesser extent in the lung (1.15  0.95, 2.33  0.24 and
0.17  0.14, respectively; p ¼ .05), whereas IL-10 was
upregulated signiﬁcantly more in the lung than other organs
(0.1  0.4, e0.13  0.18, and 2.36  0.26, respectively;
p < .01). IL-1b was upregulated more in the liver and lung
than gut (0.94  0.42, 2.2  0.25, and 2.6  0.27,
respectively; p ¼ .02). IL-6 was upregulated to fairly similar
extents in all three organs (2.07  0.45, 3.34  0.48, and
2.65  0.24, respectively; p ¼ .01).DISCUSSION
After 1 hour of gut ischemia and 1 hour of reperfusion in
the rat model, the plasma levels of all four cytokines
increased, with IL-6 and IL-10 being the main circulating
cytokines. Gene expression of all four cytokines increased in
the three organs under study (gut, liver, and lung) but toTN
F-α
 
IL-
1β 
 
 
 
 
 
 
 
 
 
IL-
 6 
 
IL-
10
-1
0
1
2
3
4 Liver
Lung
R
el
at
iv
e 
G
en
e 
Ex
pr
es
si
o
(a
rb
itr
ar
y 
un
it)
*
**
Figure 1. Cytokine gene expression (real time polymerase chain
reaction) in gut, liver, and lung after gut ischemic reperfusion (IR).
Proﬁle plots showing 95% Bonferroni intervals for the difference in
mRNA expression of tumor necrosis factor (TNF)-a, interleukin (IL)-
1b, IL-6, and IL-10 between organ pairs after gut IR. IL-10 gene
expression was signiﬁcantly higher in the lung than gut or liver (*,
**p < .01). Note. Results expressed in relative gene expression
arbitrary unit.
Compartmentalization of Inﬂammatory Response 63different extents according to organ. IL-10 upregulation was
highest in the lung compared with gut and liver.
There was almost no difference between mesenteric and
systemic lactate levels, indicating that the gut is probably
not the main source of lactate after IR in rats. Sources such
as muscle or circulating white blood cells may thus explain
inﬂammation related hyperlactatemia.17,18 In the rat model,
after 1 hour of reperfusion, the increase in plasma lactate
was probably due to systemic inﬂammation rather than to
gut hypoxia.
The relatively low level of TNF-a supports the ﬁndings of
Grotz et al.19 Using a similar rat model with superior
mesenteric artery occlusion, these authors recorded a sig-
niﬁcant increase in mucosal and serosal TNF-a levels after
75 minutes of occlusion but not after 45 minutes of oc-
clusion and 30 minutes of reperfusion. In the sham group of
Grotz et al.,19 the SD exceeded the mean value
(66.9  75.3 pg/mL), suggesting low, even null, TNF-a
values, as in the present study. Likewise, the authors found
no difference between mesenteric and systemic levels of
TNF-a and IL-6.19 One hour of reperfusion in the present
study may have been too short to observe a TNF-a peak,
although a signiﬁcant TNF-a peak was observed 1 hour after
mild gut IR during elective infrarenal aortic aneurysm sur-
gery (183  53 ng/L).20
The low IL-1b/IL-10 ratio recorded in the control group in
the present study indicated that, under normal conditions
(laparotomy under ketamine anesthesia), the cytokine bal-
ance is in favor of the anti-inﬂammatory cytokine IL-10.
After IR, this ratio decreased in both mesenteric and sys-
temic blood in further favor of IL-10 (55-fold more than the
level of IL-1b in systemic blood), refuting the accepted view
that the initial inﬂammatory response after gut IR is pre-
dominantly pro-inﬂammatory but supporting experimental
ﬁndings showing that IL-10 is the predominant circulating
cytokine after gut IR. The inﬂammatory response after gut
IR is complex. According to Cryer,21 the exaggerated pro-
inﬂammatory response probably coexists with an exagger-
ated counter-inﬂammatory response. According to Mol-
dawer et al.,15 the situation is more complicated than a pro-
followed by an anti-inﬂammatory response.
Whether the gut is a source of cytokines after gut IR is a
matter of controversy and has undergone little study. Cabie
et al. observed that mesenteric TNF-a levels were higher
than systemic levels in patients undergoing aortic surgery
after bowel manipulation and after aortic cross clamp
removal22; however, aortic cross clamping is not a true
model of gut IR. The results of Cabie et al. are thus not
directly comparable with those of the present study.22
Prospective studies using routine sigmoidoscopy or pHi-
guided sigmoidoscopy have reported a 5e9% incidence of
colon ischemia after elective surgery and a 15e60% inci-
dence after surgery for ruptured abdominal aortic aneu-
rysm.23 However, on abdominal aortic occlusion, ischemia is
probably greater in the limbs than in the gut. Limb IR is
known to increase cytokine levels signiﬁcantly.24
Cytokine gene expression in the present study was organ
speciﬁc and did not reﬂect plasma cytokine levels,supporting the concept of inﬂammatory compartmentali-
zation.25 Evidence for compartmentalization of cytokine
gene expression during inﬂammation comes from several
studies: (i) during human septic shock, injured tissue
expressed pro-inﬂammatory cytokines, whereas mainly
anti-inﬂammatory cytokines were present in plasma26; (ii)
the expression of 15 sepsis related genes in rats was
upregulated in the liver and downregulated in the spleen27;
(iii) TNF-a production on lipopolysaccharide injection in
mice was organ speciﬁc28; (iv) in a human model, 45 mi-
nutes of duodenal ischemia enhanced tissue mRNA
expression of IL-6, IL-8, and TNF-a, and increased the levels
of IL-6 and IL-8 in systemic blood. The IL-6 blood levels in
the study of Grootjans et al. were similar to those found in
the present study (500 ng/L).29
In the present study, gut IR activated the lung immune
system after only 1 hour of reperfusion. Mechanical venti-
lation also activates the lung immune system, leading to
lung inﬂammation and a systemic inﬂammatory response
(biotrauma), which can contribute to multiple organ fail-
ure.30 It is a known cause of ventilator induced lung injury.31
The accumulation of two sources of inﬂammatory activation
might be highly detrimental to the lung and point to a need
for protective ventilation. Lung protective ventilation usu-
ally refers to the use of low tidal volumes and positive end
expiratory pressure, and may also include the use of
recruitment maneuvers (periodic hyperinﬂation of the
lungs). This ventilation strategy has been shown to reduce
mortality among patients with the acute respiratory distress
syndrome,32 and to improve clinical outcomes in interme-
diate and high risk patients undergoing major abdominal
(non-vascular) surgery.33 Although further clariﬁcation of
the relationship between cytokine kinetics and lung
dysfunction is needed, the results of the present study
support the design of a clinical study comparing protective
and standard ventilation during vascular surgery, in partic-
ular when surgery involves gut IR.
The main limitations of the present study are lack of ki-
netic data and the small sample size. Cytokine gene
expression and production vary with time, and the cytokine
peak, whether in tissue or blood, may have been missed.
Cytokine levels were measured after 1 hour of reperfusion
because 1 hour of ischemia and 1 hour of reperfusion is a
commonly used gut IR model, and because this corre-
sponded to the inﬂammatory peak in an earlier clinical
study.21 An animal model of 45 minutes of supraceliac
aortic occlusion and 1 hour of reperfusion led to a greater
increase in lactate.34 Unfortunately, the design of the pre-
sent study, which included lung and liver harvesting, did not
allow multiple measurements to be made on the same
animal.CONCLUSIONS
In summary, gut IR signiﬁcantly increased lactate levels. IL-6
and IL-10 were the main circulating cytokines after gut IR.
Cytokine gene upregulation differed in the gut, liver, and lung
(i.e., was organ speciﬁc), suggesting compartmentalization of
64 O. Collange et al.the inﬂammatory response to gut IR.The predominance of IL-
10 over other cytokines in plasma and the dissimilar organ
responses, especially of the lung, might be a basis for the
design of therapies, for example lung protective ventilation
strategies, to limit the deleterious effects of the inﬂammatory
cascade. Amulti-organ protective approachmight involve gut
directed therapies, protective ventilation, hemodynamic
optimization, and hydric balance.CONFLICT OF INTEREST
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